Traditional integral colorimeters use tungsten-halogen or xenon lamps for illumination, as well as correcting filters to make the instrument's spectral response meet the Luther condition. This structure causes the instruments to have relatively higher error and poor repeatability. Thus, this letter proposes a new measurement design that uses compound LEDs as the instrument's measurement light source. The new design adjusts the instrument's spectral response by modifying the spectra of the compound LEDs. A compound LED light source is designed for integral colorimeters, and an experiment is conducted to evaluate the performance of the integral colorimeter. Experiments show that the design effectively reduces the error of integral colorimeters.
Integral colorimeters are widely used in areas such as painting [1] , medical treatment [2] , agriculture [3, 4] , and plastics [5] . Wang et al. [1] used a colorimeter to create a color separation criterion for spectral multi-ink printer characterization. Xiao et al. [2] used a colorimeter to investigate Chinese skin color and appearance. Intaravanne et al. [3, 4] used a mobile device-based application to estimate banana ripeness and analyze the color level of rice leaf for nitrogen estimation. Polyzois et al. [5] measured color changes to evaluate the effect of accelerated aging on materials. The spectral response of integral colorimeters is based on the relative spectral sensitivity of the sensor, the illumination spectrum power distribution (SPD), and the spectral transmittance of the filter. Sametoglu et al. [6] used a RGB sensor as the colorimeter detector. Shannon et al. [7] presented a method of calculating the thickness for the filter matching of a colorimeter.
In integral colorimeters, tungsten-halogen or xenon lamps are often used as the illumination source, and correcting filters are used to make the instrument's spectral response meet the Luther condition. In actual applications, tungsten-halogen lamps have low intensity at the short-wavelength part of the visible spectra, causing the measurement to have a low signal-to-noise ratio (SNR) and reducing the instrument's repeatability. Xenon lamps have non-smooth spectral distribution, and appropriate filters that meet the Luther condition are difficult to find. Moreover, the type of colored glass is limited, and accurately correcting it is difficult (a large error would exist for the instrument). If multiple filters are used, the transmittance would be relatively low, which also lowers the instrument's repeatability. Accordingly, researchers have exerted efforts to improve the accuracy of integral colorimeters using a calibration algorithm. Soloviev et al [8] proposed an integral colorimeter that functions according to the principles of ar tificial neural nets. Gardner [9] established a calibration model possessing low chromaticity uncertainties.
This research proposes a new design for integral colorimeters using compound LEDs for illumination. The instrument's spectral response is adjusted by modifying the spectra of the compound LEDs. According to color measurement principles recommended by the international Gommission on illumination (CIE), when measuring the color tristimulus under CIE illuminant D65, the instrument's spectral response should meet
where k 1 , k 2 , and k 3 are constants that balance each side of the equation; S(λ) is the relative SPD of the instrument light source; T x (λ), T y (λ), and T z (λ) are the spectral transmittance of the filters; T D (λ) is the normalized intensity of CIE illuminant D65, whose SPD is shown in Fig. 1(a) ; x 10 (λ), y 10 (λ), and z 10 (λ) are the spectral tristimulus of CIE 1964 standard observer, as shown in Fig. 1(b) ; γ(λ) represents the sensor's relative spectral response.
The color measurement condition satisfied in Eq. (1) is called the Luther condition. As shown in Eq. (1), the spectral response of the instrument is based on the light source, detector, and filters. After the light source and sensor are determined, the spectrum transmittance of the filters is chosen to meet the Luther condition. Based on Eq. (1), the relative transmittance of the X, Y , Z 
where τ x (λ), τ y (λ), and τ z (λ) are the relative spectral transmittance of the filters. The SPD of the tungsten-halogen lamp is shown in Fig. 2(a) . Silicon detectors are usually used as the colorimeter's sensor. They have low response at shortwave lengths, as shown in Fig. 2(b) . The needed filter's relative transmittance is shown in Fig. 2(c) . When tungstenhalogen lamps are used as the measurement source, the measurement of the Z value is bound to have a low SNR and low repeatability.
Xenon lamps have ample distribution throughout the visible spectra, but their spectra are not smooth, as shown in Fig. 2(d) . Thus, filter matching becomes very difficult, as shown in Fig. 2 
(e).
To solve those problems, this letter proposes to use compound LEDs to measure illumination and adjust the spectral response of the instrument by modifying the output spectra of the compound LEDs. Filters are not used in this design; the instrument's spectral responses are based on the SPD of the LED light sources and spectral response of the detector and should satisfy where Fig. 2(b 
, and L T z (λ) are obtained (Fig. 3) .
In this research, 31 LEDs are used in the compound LEDs. By modifying the driving current of the LEDs, three different compound light sources are designed. More LEDs and smaller intervals between peak wavelengths result in better fitting accuracy but are limited by cost, instrument structure, and LED type. Thus, in the design of this instrument, LEDs are chosen with intervals between peak wavelengths of 10-15 nm. , and 780 nm. Considering that the LED with peak wavelength at 400 nm has a half spectral width of 20 nm, it can provide the intensity distributed at 380 nm. The spectral tristimulus value of CIE 1964 at 360 and 370 nm is zero. Thus, LEDs with peak wavelengths at 360, 370, 380, and 390 nm were not included.
Based on spectral superposition principles, the fitting model of the LED compound light source is expressed [10] as
where i is the type of compound LEDs X, Y , and Z; K ij is the driving current coefficient of the jth LED; S j (λ) is the SPD of the jth LED; n is the number of LEDs. The following equation evaluates the consistency between the actual SPD of compound LEDs L i (λ) and the target SPD of L T i (λ). When the minimum value is reached, L i (λ) is the closest to the L T i (λ), and then the optimized K ij can be obtained.
Relative error used to evaluate the consistency between L i (λ) and L T i (λ) [11, 12] is calculated by
where f ′ 1 is the fitting accuracy, and a lower f ′ 1 corresponds to a higher spectral consistency between L i (λ) and L T i (λ). According Eq. (4), the optimized K ij can be calculated by
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The optimized solution for matrix K i can be obtained through multi-variable linear regression. A Matlab program is used for the calculation. The experiment results for the SPD of the three compound LED light sources
, and L z (λ), are shown in Fig. 4 . The fitting accuracy f ′ 1 in the actual experiment is shown in Table 1 . Using the prepared compound LED light source, an integral colorimeter is subsequently designed.The structure of the design uses a D/8 illumination structure; the 31 perforation holes are uniformly distributed on the inner surface of the integrating sphere that is parallel to the surface of the measured object, as shown in Fig.  5(a) . The compound LED light source consists of 31 LEDs; light from each LED enters the sphere through a perforation hole. Figure 5(b) is the vertical view of the middle section of the integrating sphere. The sensor is on the inner surface of the integrating sphere 8
• from the normal of the sample. Light from the light source firstly illuminates the inner surface of the integrating sphere and provides diffused illumination to the sample, and then the sensor collects light signal and transmits it to the computer for measurement. The instrument shown in Fig. 5 and a standard instrument are used to measure the sample. The standard instrument used is Konica Minolta spectrophotometer CM-700D, which can measure the reflective spectra of the sample and provide tristimulus values of the sample illuminated by standard light sources. The samples are 224 Pantone-C color charts. The experiment results shown in Fig. 6 indicate that the findings from the two instruments have good relativity for all three tristimuli (X, Y , and Z), with Y having better relativity than X and Z. After calibrating the instrument structure using the results from the CM-700D instrument, BCRA standard color charts are measured using the instrument, and the results are shown in Table 2 . According to JJG595-2002 [13] , the performance of the integral colorimeter could be evaluated by testing the BRCAcompared test data with standard data. (x, y) is the color coordinate calculated by
The experimental results show that the integral colorimeter using the compound LED light source meets the measurement requirements of first-class colorimeters.
In conclusion, this letter uses compound LEDs as an illumination source and acquires the required spectral distribution by modifying the driving currents of the 31 LEDs. The measurement results from the new design are 023302-3 compared with those from a standard colorimeter. The tristimulus results X, Y , and Z from the two instruments show good relativity. Results from measuring BCRA color charts show that this design effectively reduces the indicating error of integral colorimeters. The indicating error mainly originates from the fitting error of the compound LED light source and the difference of the light source's actual spectra from the ideal simulated spectra. The fitting could be improved in future work.
